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EXECUTIVE  SUMMARY 


This  report  describes  the  results  of  five  dispersion  experiments  carried  out  using 
hexachloroethane  (HC)  smoke  pots.  The  objectives  of  these  experiments,  which  are 
part  of  the  Atterbury-87  Field  Study,  were  (a)  to  characterize  the  HC  smoke  in  physical 
and  chemical  terms  and  (b)  to  obtain  dispersion  data  from  which  to  validate  and 
improve  atmospheric  dispersion  models.  A  companion  report  by  Liljegren  et  al.  (1989) 
describes  the  Atterbury-87  Field  Study  in  detail;  this  report  focuses  on  (a)  the  methods 
used  to  analyze  the  HC  smoke  samples  chemically,  (b)  the  physical  and  chemical 
nature  of  the  HC  smoke  as  determined  under  the  field  test  conditions  and  (c)  the  HC 
smoke  concentration  data  which  will  be  used  as  part  of  a  larger  model  evaluation  and 
improvement  program. 

The  five  HC-smoke  dispersion  experiments  were  conducted  under  daytime  con¬ 
vective  conditions  in  moderately  flat  terrain  at  Camp  Atterbury,  Indiana  during 
November,  1987.  The  source  for  each  test  consisted  of  18-20  M5  hexachloroethane 
(HC)  smoke  pots  burned  over  a  period  of  between  25  and  47  min.  The  plume  was 
mapped  using  46  sampling  masts  organized  into  fo'ir  transects  at  distances  from  50  to 
675  m  from  the  source.  The  particulate  phase  of  the  smoke  was  collected  at  four 
heights  (2,  4,  6  and  8  m)  on  each  mast  using  cellulose-ester  membrane  filters  housed 
in  aspirated  cassettes.  In  addition,  twelve  samples  of  the  vapor  phase  were  collected 
using  Tenax-filled  tubes  in  series  with  filter  cassettes.  Particle  size  was  measured  at  a 
single  location  using  a  quartz-crystal-microbalance  cascade  impactor.  Meteorological 
data  were  collected  using  a  10-m  instrument  tower  and  a  2-m  mast  upwind  of  the 
source. 

The  filter  samples  were  analyzed  by  inductively  coupled  argon-plasma  atomic- 
emission  spectrometry  and  ion  chromatography.  All  920  samples  collected  during  the 
five  tests  were  analyzed  for  zinc  and  aluminum.  Ten  of  the  most  heavily  exposed  fil¬ 
ters  were  analyzed  for  45  elements  and  22  additional  samples  were  analyzed  for  1 1 
elements.  The  vapor-phase  samples  were  analyzed  for  four  specific  chlorinated  or¬ 
ganic  compounds. 

Results  indicated  that  the  HC  smoke  has  a  bimodal  particle  size  distribution  with 
about  5  -  15%  of  the  mass  contained  in  the  smaller  size  range.  The  chemical  analysis 
of  the  samples  revealed  that  the  smoke  is  roughly  90%  particulate  and  10%  vapor  by 
mass.  The  particulate  phase  contains  zinc,  chlorine,  aluminum,  iron  and  lead  in  signif¬ 
icant  quantities.  The  four  targeted  organic  compounds  were  found  to  account  for 
about  a  third  of  vapor  phase.  The  concentration  data  compared  favorably  with  other 


dispersion  data  when  presented  in  a  nondimensional  form  which  scales  out  the  effects 
of  source  strength  and  local  ambient  conditions,  despite  the  fact  that  these  data  were 
corrected  to  account  for  the  effect  of  filter  loading. 

A  key  point  to  be  stressed  is  the  variability  of  smoke  composition.  This  variability, 
seen  in  all  aspects  of  the  chemical  analysis,  indicates  that  individual  smoke  samples 
may  differ  greatly  from  the  mean  determined  in  our  study.  Moreover,  factors  such  as 
ambient  temperature,  ambient  humidity,  wind  speed  and  pot  orientation  may  all  affect 
the  HC  smoke  products  although  the  examination  of  these  effects  is  beyond  the  scope 
of  the  present  study. 
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NOMENCLATURE 


Symbol  Meaning 

C  Concentration 

Cy  Crosswind-integrated  concentration 
dg  Geometric  mean  particle  size 

HC  Hexachloroethane 

L  Monin-Obukov  length  scale 

m  Mass 

mc  Characteristic  constant  of  membrane  filters;  defines  exponential 

decrease  in  e  for  mzn  values  above  m0 

m0  Characteristic  constant  of  membrane  filters;  e  =  1  when  the  mzn  £  m0 

n  Exponent  of  vertical  wind  speed  profile;  determined  by  fitting  vertical 

profile  data  to  power  law  form  u  =  a  zn 

RH  Relative  humidity 

T  Temperature 

AT  Temperature  difference 

t  Time 

u  Component  of  wind  velocity  lying  in  the  direction  of  the  mean  wind 

u  Mean  wind  speed 

u.  Friction  velocity 

V  Volumetric  flow  rate 

V0  Nominal  volumetric  flow  rate 

v  Horizontal  component  of  the  wind  velocity  perpendicular  to  the  mean 

wind 

w  Vertical  component  of  the  wind  velocity 

w.  Convective  velocity  scale 

x  Local  coordinate  used  to  specific  locations  within  sampling  grid;  the 

positive  x  coordinate  axis  points  east 

y  Local  coordinate  used  to  specif/  ideations  within  the  sampling  grid;  the 

positive  y  coordinate  axis  points  north 

z  Height  above  ground 

Zj  Height  of  convective  boundary  layer;  inversion  height 

z0  Roughness  height 
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e  Collection  efficiency 

$  Inclination  of  wind  velocity;  mean  or  instantaneous  depending  on  context 

0  Mean  wind  direction;  also  used  to  denote  instantaneous  wind  azimuth 

a  Denotes  a  standard  deviation;  subscript  specifies  variable  of  interest 

og  Geometric  standard  deviation 

<Ty  Lateral  standard  deviation  of  concentration  profile;  also  referred  to  as 
plume  width 
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1. 


INTRODUCTION 


As  part  of  a  program  to  characterize  military  smokes  under  actual  field  conditions, 
nine  smoke  dispersion  experiments  were  conducted  at  Camp  Atterbury,  Indiana  dur¬ 
ing  November,  1987.  Four  of  these  nine  experiments  were  carried  out  using  a  fog-oil 
smoke  generator  as  the  source;  the  remaining  five  tests  were  carried  out  using  hex- 
achloroethane  (HC)  smoke  pots.  This  series  of  field  experiments  is  referred  to  collec¬ 
tively  as  the  Atterbury-87  Field  Studies. 

The  Atterbury-87  Field  Studies  are  described  in  detail  in  a  companion  report  by 
Liljegren  et  al.  (1989).  This  document  summarizes  the  results  of  the  HC  smoke  trials 
and  provides  additional  information  on  the  physical  and  chemical  characteristics  of  the 
HC  smoke.  Brief  summaries  of  the  relevant  material  from  the  companion  report  are 
provided  to  aid  in  understanding  and  interpreting  the  results  presented  herein. 

2.  FIELD  STUDY 

2.1  Test  Site  and  Sampling  Grid 

The  Camp  Atterbury  test  site  and  sampling  grid  are  shown  in  Fig.  1 .  The  test  area 
is  a  large  grassy  meadow  surrounded  cn  roughly  three  sides  by  hills  25  to  50  m  high. 
The  test  area  itself  is  relatively  flat  with  a  moderate  downward  slope  of  between  1  and 
2%  from  northwest  to  southeast.  The  ground  cover  during  the  period  of  the  study  was 
roughly  1  m  high  and  fairly  uniform  across  the  test  area,  although  somewhat  taller 
bushes  and  a  few  isolated  trees  were  also  present.  The  area  surrounding  the  site  is 
densely  forested  in  all  directions  with  deciduous  trees  10  to  20  m  tall.  The  terrain  and 
vegetation  features  of  the  surroundings  undoubtedly  affect  the  structure  of  the  wind 
field,  although  the  flat  terrain  and  regular  ground  cover  within  the  test  area  itself  should 
give  a  nearly  uniform  flow. 

To  orient  the  sampling  grid  at  Camp  Atterbury,  we  analyzed  the  meteorological 
data  records  for  1985  and  1986  from  the  National  Weather  Service  recording  station  at 
Indianapolis,  Indiana,  60  miles  north  of  the  site.  This  analysis  indicated  that  the  wind 
is  predominantly  from  the  southwest  in  November.  In  addition,  we  logged  wind  and 
temperature  data  near  the  proposed  test  area  using  two  portable  instrument  stations 
shortly  before  full-scale  operations  at  the  site  began.  These  data  confirmed  the  pre¬ 
dominant  southwesterly  direction  of  the  wind  in  the  daytime. 

Based  on  the  results  of  our  analysis,  a  line  of  alternative  source  locations  was 
established  in  the  southwest  corner  of  the  test  area  and  sampling  transects 
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Figure  1.  Topographical  map  of  the  Camp  Atterbury  Test  Site.  North  and  east  universal 
transverse  meridian  (UTM)  coordinates  are  given  in  meters.  Elevations  are  given  in 
feet  above  sea  level  with  contours  representing  10-ft  increments.  Topographical 
information  is  based  on  the  United  States  Geological  Survey  map  of  Nineveh, 
Indiana.  Test  designations  consist  of  the  date  the  test  was  conducted  followed  by  the 
number  of  the  test  on  that  date. 
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(designated  Transects  1  through  5)  were  laid  out  perpendicular  to  the  predominant 
wind  direction  at  distances  roughly  50,  100,  250,  450  and  675  m  from  this  line.  With 
the  exception  of  Transect  5  which  consisted  of  only  four  sampling  masts  and  which 
was  not  used  in  any  of  the  HC  trials  for  logistical  reasons,  each  transect  subtended  an 
arc  of  at  least  90°  with  respect  to  the  possible  source  locations. 

Figure  2  isolates  the  sampling  grid  and  illustrates  the  local  coordinate  system 
used  to  specify  the  source  and  sampler  locations.  Here,  the  mean  wind  direction  for 
each  of  the  five  tests  is  shown.  Each  test  is  identified  by  a  seven-digit  code  consisting 
of  the  date  on  which  the  test  was  conducted  in  the  form  MMDDYY  followed  by  a  single 
digit  (1  or  2)  indicating  the  number  of  the  test  on  that  particular  day.  As  shown,  the 
wind  was  out  of  the  southwest  as  anticipated  for  two  of  the  five  HC  trials  (Tests 
1112871  and  1113871).  For  the  remaining  three  trials  (Tests  1109871,1110871  and 
1 110872),  the  wind  was  out  of  the  north-northeast  as  the  result  of  a  storm  front  passing 
through  the  area.  Fortunately,  we  were  able  to  conduct  tests  during  this  period  by 
locating  the  source  northeast  of  the  sampling  grid  as  shown  in  Fig.  2. 

Detailed  coordinate  information  for  the  grid  is  given  in  Appendix  A. 

2.2  HC  Smoke  Source 

2.2.1  Physical  Characteristics 

The  ABC-M5  30-lb  HC  smoke  pot  produces  a  dense  gray-white  smoke  as  a  result 
of  the  exothermic  reaction  between  a  mixture  of  zinc  oxide,  aluminum  metal  and  hex- 
achloroethane.  The  chemical  reaction  produces  primarily  zinc  chloride  particles  which 
are  believed  to  collect  water  from  the  atmosphere  to  form  the  aerosol  droplets  which 
ultimately  constitute  the  smoke.  It  is  reported  that  about  70  to  80%  of  the  original  pot 
mass  is  released  as  smoke,  the  remainder  being  distributed  among  a  variety  of  end- 
products  one  of  which  is  a  black,  wet  material  deposited  in  the  immediate  vicinity  of  the 
pot.  This  material  dries  and  hardens  over  time.  It  is  virtually  impossible  to  remove  the 
harden  material  from  the  surfaces  on  which  it  deposits. 

A  total  of  100  HC  pots  were  acquired  for  the  study  and  stored  in  an  ammunition 
bunker  at  the  Atterbury  Reserve  Forces  Training  Center  prior  to  use.  Physically,  the 
M5  smoke  pot  consists  of  a  cylindrical  canister  0.215  m  in  diameter  and  0.24  m  high 
filled  with  approximately  13.6  kg  of  reagent.  The  canister  is  rounded  slightly  at  the 
bottom  edge  to  facilitate  stacking  and  is  covered  by  a  circular  tear  strip  which  was  re¬ 
moved  and  discarded  before  use.  A  plastic  cup  containing  a  starter  mixture  is  embed- 


Figure  2.  Sampling  grid  used  for  the  Atterbury-87  HC  smoke  dispersion  trials. 
Coordinates  are  given  in  meters  relative  to  a  local  origin.  The  wind 
vectors  shown  represent  averages  over  the  period  of  each  test. 
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ded  in  the  top  of  the  charge.  An  electric  squib  provided  with  the  pot  was  employed  to 
ignite  the  material  in  our  tests. 

A  single  pot  from  our  inventory  was  used  initially  to  familiarize  ourselves  with  the 
proper  handling  procedures  and  to  determine  the  approximate  burn  time.  In  order  to 
achieve  statistically  significant  results  in  the  dispersion  experiments,  the  duration  of 
the  release  must  be  several  times  greater  than  the  Lagrangian  time  scale  of  the 
convective  motions,  a  value  typically  between  1  and  5  minutes.  On  the  other  hand,  the 
test  should  not  be  so  long  as  to  be  influenced  by  the  diurnal  and  mesoscale  changes 
in  the  atmospheric  boundary  layer.  Based  on  the  observed  burn  time  of  18  minutes 
and  a  desired  release  time  of  approximately  an  hour,  we  decided  to  execute  four 
burns  in  succession.  Moreover,  we  estimated  that  it  was  necessary  to  burn  five  pots 
simultaneously  to  ensure  that  most  of  the  filter  samples  would  fall  within  the  range  of 
chemical  analysis  equipment.  Thus,  our  basic  test  plan  called  for  burning  20  pots  in 
four  sets  of  five  each.  A  total  of  5  tests  were  therefore  possible. 

In  order  to  measure  the  mass  of  smoke  material  released,  we  placed  the  pots  on 
a  fireproof  masonry  board  overlaid  on  a  wooden  pallet.  The  pallet  was  placed  on  a 
1000-lb  capacity  scale  which  rested  directly  on  the  ground.  In  the  first  full-scale  re¬ 
lease  (Test  1109871),  we  placed  19  pots  side  by  side  on  the  masonry  board  with  the 
intention  of  remotely  igniting  the  pots  successively  in  four  groups.  However,  the  in¬ 
tense  heat  of  the  burning  pots  quickly  ignited  all  the  others  and  the  entire  test  lasted 
only  25  min.  To  provide  a  more  controlled  ignition,  the  remaining  tests  were  all  carried 
out  by  stacking  the  pots.  It  was  hoped  that,  as  each  pot  burned  down,  the  one  below  it 
would  be  ignited  and  a  more  or  less  steady  release  rate  would  be  achieved.  During 
the  next  release  (Test  1110871),  the  stacks  collapsed  into  a  pile  about  midway 
through  the  test,  and,  once  again,  the  remaining  pots  were  ignited  prematurely.  We 
then  decided  to  bind  the  pots  together  with  wire  fencing.  Controlled  ignition  was  finally 
achieved  using  this  method,  although  the  release  rate  increased  noticeably  as  each 
successively  lower  pot  ignited.  This  increase  was  caused  by  the  more  rapidly  burning 
starter  mixture  located  in  the  top  of  each  pot.  The  last  three  tests  were  conducted  in 
this  manner,  and  all  gave  fairly  consistent  burn  times  and  release  rates.  Two  pots 
were  withheld  from  the  final  full-scale  test  (Test  1113871)  in  order  to  study  the  differ¬ 
ence  in  burn  characteristics  between  a  pot  in  the  normal  upright  position  and  one  lying 
on  its  side.  The  source  configuration  used  in  each  of  the  five  full-scale  trials  is  sum¬ 
marized  in  Table  1. 

Besides  measuring  the  mass  of  the  pots,  an  attempt  was  made  during  one  of  the 
tests  (Test  112871)  to  determine  the  initial  smoke  temperature  using  a  24-gauge 
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Table  1 .  Summary  of  source  configurations  used  for  HC  smoke  trials. 


Test 

Duration 

[min] 

Mass 

Released 

[kg] 

Release 

Rate 

[g/s] 

Number 

of  Pots 

Burned 

Configuration 

1109871 

25 

222.1 

148.1 

19 

side  by  side 

1110871 

36.5 

229.3 

104.7 

20 

5  stacks  of  4 

1110872 

47.3 

219.5 

77.3 

20 

5  stacks  of  4 

1112871 

45.7 

218.5 

79.7 

20 

5  stacks  of  4 

1113871 

43 

202.0 

78.3 

18 

3  stacks  of  4, 

2  stacks  of  3 

Table  2.  Chemical  composition  of  HC  smoke  pot  mixture. 


By  Compound 


W  .I  J  i.iM=W*Mi.l  I 


M  iT-Ti  ■  aJT7iiTTl  Pi 


I 

H  zinc  oxide 

ZnO 

46.6* 

y  hexachloroethane 

C2CI6 

46.7* 

■  grained  aluminum 

Al 

6.7* 

I 

By  Element 

1  Element 

Fraction  of  Total 

Ratio  la  Zinc 

■  aluminum 

6.7 

0.18 

f  carbon 

4.8 

0.13 

L  chlorine 

41.9 

1.12 

■  oxygen 

9.2 

0.25 

L  zinc 

37.4 

1.00 

L  *  reported  by  Katz  (1980) 

f 
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Chromel-Alumel  (Type  K)  thermocouple  positioned  at  the  exit  of  the  topmost  pot.  In 
addition  to  the  obvious  difficulty  associated  with  establishing  and  maintaining  the 
proper  thermocouple  position,  the  black,  carbon-like  material  referred  to  earlier  col¬ 
lected  on  the  thermocouple  forming  a  spherical  mass  approximately  2  cm  in  diameter. 
Although  it  is  unknown  to  what  extent  this  material  affected  the  observed  temperature, 
it  is  clear  that  only  a  crude  determination  of  the  exit  temperature  is  possible  given  the 
combination  of  severe  problems  inherent  >n  this  measurement. 

The  mass  and  temperature  (when  measuied)  were  sampled  at  1-s  intervals  using 
a  Campbell  Scientific  21 X  Micrologger.  A  Zenith  Z-181  portable  computer  was 
connected  to  the  Micrologger  for  archiving  the  data  to  floppy  disk. 

2.2.2  Chemical  Composition 

The  recipe  for  making  the  HC  smoke  pot  calls  for  mixing  approximately  equal 
amounts  of  hexachloroethane  and  zinc  oxide  and  then  adding  grained  aluminum 
metal  to  vary  the  rate  of  burning.  Specifically,  design  specifications  call  for  the  mass 
ratio  of  hexachloroethane  to  zinc  oxide  to  be  between  1 .00  and  1 .04.  Additionally,  the 
bulk  of  the  mixture  is  maintained  at  5  -  7%  aluminum  metal,  whereas  the  faster-burn¬ 
ing  starter  mixture  contains  7-11%  aluminum.  Given  the  difficulty  involved  in  obtain¬ 
ing  a  representative  sample,  no  attempt  was  made  to  determine  the  composition  of  the 
pots  directly.  Rather,  it  was  decided  that  the  design  specifications  and  the  published 
data  of  Katz  et  al.  (1980)  provided  better  information  on  pot  composition  than  was 
possible  to  obtain  under  field  test  conditions.  Table  2  gives  the  initial  composition  on 
both  a  compound  and  an  element  basis.  As  we  shall  see  later,  we  treat  zinc  as  a  con¬ 
servative  tracer  in  our  dispersion  experiments.  Thus,  it  is  particularly  useful  to  scale 
the  mass  fraction  of  each  component  by  the  mass  fraction  of  elemental  zinc. 

2.3  Meteorological  Measurements 

Owing  to  the  simple  terrain  and  the  attendant  horizontal  uniformity  of  the  wind 
field,  the  measurement  of  a  single  vertical  profile  near  the  center  of  the  test  site  was 
deemed  adequate  for  our  purpose.  To  supplement  this  information  and  to  provide 
additional  data  useful  in  locating  the  source  for  a  particular  trial,  the  wind  speed,  wind 
direction  and  temperature  were  measured  upwind  of  the  anticipated  release  point  us¬ 
ing  a  2-m  mast.  An  attempt  was  also  made  to  operate  a  tethered  instrument  balloon  to 
obtain  data  on  the  vertical  structu  e  of  the  boundary  layer,  but  this  approach  proved 


18 


unsuccessful  and  was  subsequently  abandoned.  As  a  result,  the  mixing  depth  was 
determined  by  alternative  means  as  is  more  fully  described  by  Liljegren  et  al.  (1989). 

The  single  vertical  profile  near  the  center  of  the  sampling  grid  was  determined 
using  a  10-m  instrument  tower  equipped  with  wind  and  temperature  sensors  at  heights 
of  2,  4,  6,  and  10  m.  Wind  speed  was  measured  at  all  four  heights  on  the  tower  using 
cup  anemometers.  Horizontal  and  vertical  wind  direction  were  determined  at  the  three 
upper-most  levels  using  bivanes,  and  horizontal  wind  direction  alone  was  measured 
at  the  2-m  level  using  a  single  vane.  Temperature  was  measured  at  all  four  levels  us¬ 
ing  thermistors  mounted  in  aspirated  radiation  shields.  The  outputs  of  all  tower  in¬ 
struments  were  sampled  at  1-s  intervals  using  a  Campbell  Scientific  21 X  Micrologger 
coupled  to  a  Zenith  Z-181  portable  computer  for  archiving  the  data  onto  floppy  disks. 

The  2-m  mast  located  upwind  of  the  source  was  equipped  with  (i)  a  combination 
four-blade  propellor  anemometer  and  polystyrene  wind  vane  and  (ii)  a  thermistor  tem¬ 
perature  sensor  mounted  in  a  naturally  aspirated  radiation  shield.  The  output  of  these 
instruments  was  sampled  with  the  same  equipment  used  to  monitor  the  source  mass 
and  exit  temperature. 

2.4  Aerosol  Sampling  Equipment 

2.4.1  Particle  Phase 

The  system  for  sampling  the  particle  phase  of  the  HC  smoke  consisted  of  46 
masts  organized  into  four  transects  as  previously  described.  A  sampling  mast  consists 
of  an  8-m  long,  thin-walled  aluminum  tube  to  which  pipe  fittings  are  welded  at  1-m  in¬ 
tervals.  The  sampling  mast  is  supported  vertically  during  operation  thus  allowing  mul¬ 
tiple  heights  to  be  sampled  simultaneously.  For  both  the  fog-oil  and  HC  smoke  trials, 
filter  cassettes  were  attached  to  each  mast  at  the  1-m,  2-m,  4-m  and  8-m  levels. 
Aspiration  was  provided  by  a  450-W,  AC-powered  air  pump,  the  total  flow  rate  through 
each  mast  being  regulated  by  a  valved  rotameter.  Due  to  the  manifold  effect  of  the 
large  diameter  mast,  the  flow  rate  through  each  filter  cassette  is  simply  the  total  aspira¬ 
tion  rate  divided  by  the  number  of  cassettes.  The  flow  rate  for  a  single  cassette  was 

18.1  Ipm  in  all  cases  except  for  those  on  Transect  1  during  Test  1113871  for  which 
the  flow  rate  was  10.8  Ipm.  A  total  of  920  filter  samples  (5  trials  x  46  masts  x 
4  levels)  were  collected  during  the  HC  smoke  trials. 

The  filter  cassette  used  to  collect  the  HC  smoke  particulate  consists  of  a  clear 
acrylic  housing  approximately  45  mm  in  diameter  and  55  mm  long  with  a  hose  nipple 
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centered  in  one  end.  The  other  end  of  the  cassette  is  closed  except  for  a  small  open¬ 
ing.  Air  is  drawn  axially  through  the  cassette  and  the  particulate  material  removed  by 
a  37-mm  filter  covering  the  cylindrical  end  nearer  the  exit.  A  cellulose  membrane  filter 
with  a  pore  size  of  0.45  pm  was  used  for  HC  smoke.  The  filter  cassette  is  attached  to 
the  nipple  of  the  sampling  mast  with  a  short  length  of  silicone  rubber  hose. 

The  filter  cassette  used  to  sample  the  HC  smoke  differs  from  the  one  used  to 
sample  the  fog-oil  smoke  in  two  respects.  First,  a  cellulose  membrane  filter  was  sub¬ 
stituted  for  the  glass-fiber  filter  used  to  collect  the  fog-oil  smoke.  This  was  done  be¬ 
cause  the  glass-fiber  filter  contains  trace  metals  which  interfere  with  the  chemical 
analysis  procedure.  Basically,  an  organic  filter  was  used  to  collect  an  inorganic  smoke 
particulate  in  the  case  of  HC,  and  an  inorganic  filter  was  used  to  collect  an  organic 
smoke  material  in  the  case  of  fog  oil.  The  second  difference  concerns  the  inlet 
geometry  of  the  filter  cassettes.  The  inlet  side  of  the  cassette  used  in  the  HC  tests  was 
closed  except  for  a  small  central  hole  about  5  mm  in  diameter.  For  the  fog-oil  tests, 
the  inlet  was  completely  open  the  full  37-mm  diameter  of  the  filter.  This  difference 
which  arose  from  the  basic  nature  of  the  two  commercially  manufactured  cassettes  is 
not  expected  to  significantly  affect  sampling  of  the  smoke. 

2.4.2  Vapor  Phase 

Previous  studies  have  indicated  the  existence  of  several  potentially  harmful  or¬ 
ganic  compounds  in  the  vapor  phase  of  HC  smoke.  To  verify  the  existence  of  these 
compounds  and  to  determine  their  relative  mass  fractions,  twelve  samples  of  the  vapor 
phase  were  collected  as  part  of  the  five  dispersion  trials.  A  filter  cassette  in  series  with 
a  Tenax-filled  stainless  steel  tube  was  used  for  this  purpose.  The  particulate  phase  of 
the  smoke  is  first  removed  by  the  filter  and  then  the  remaining  vapor  is  adsorbed  onto 
the  Tenax.  The  filter  cassette  used  was  of  the  type  described  above,  and  the  stainless 
steel  tube  was  approximately  6  mm  in  diameter  and  90  mm  long.  The  resulting  fil¬ 
ter/tube  sampler  was  aspirated  at  the  rate  of  100  ml/min  by  a  battery-powered  Gilian 
pump.  The  sampling  tubes  were  carefully  conditioned  before  each  test  and  then 
stored  inside  screw-top  glass  tubes  to  avoid  contamination.  After  exposure,  the  tubes 
were  once  again  sealed  inside  the  glass  tubes  until  the  chemical  analysis  could  be 
carried  out. 
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2.5 


Particle  Size  Measurements 


Particle  size  was  measured  using  a  Model  PC-2  quartz-crystal-microbalance 
cascade  impactor  manufacturer  by  California  Measurements,  Inc.  The  cascade  im- 
pactor  of  the  PC-2  consists  of  10  stages,  each  of  which  is  vibrating  quartz  crystal.  As 
particles  deposit  on  the  crystal,  the  frequency  of  vibration  decreases.  The  frequency 
change  of  each  stage  is  measured  and  the  corresponding  mass  determined. 

The  cutoff  size  for  each  successive  stage  decreases  by  a  factor  of  roughly  2. 
Thus,  the  cutoff  size  of  the  first  stage  is  roughly  29  or  about  500  times  that  of  the  last 
stage.  This  progression  of  cutoff  sizes  gives  the  instrument  an  enormous  range. 
Moreover,  cutoff  size  depends  on  the  inverse  square  root  of  the  aerosol  particle  den¬ 
sity  in  an  aerodynamic  sizing  instrument  like  a  cascade  impactor.  For  HC  smoke,  the 
particle  density  is  not  known  exactly  since  the  nature  of  the  aerosol  particle  itself  is 
disputed  among  various  investigators.  The  density  is  effectively  bounded,  however,  by 
the  density  of  crystalline  zinc  chloride  {2900  kg/m3)  at  the  high  end  and  by  the  density 
of  liquid  water  (1000  kg/m3)  at  the  low  end.  Lacking  more  precise  information,  we 
have  based  our  determinations  on  an  assumed  density  of  2000  kg/m3. 

3.  CHEMICAL  ANALYSIS  METHODS 

The  920  filter  samples  collected  in  our  five  HC  smoke  trials  were  processed  by 
Coors  Analytical  Laboratory  of  Boulder,  Colorado.  The  mass  of  zinc  and  aluminum 
was  determined  for  all  of  the  filter  samples.  These  data  will  serve  as  the  primary  basis 
for  evaluating  dispersion  models.  In  addition,  32  of  the  most  heavily  exposed  filters 
were  selected  for  more  detailed  analysis.  One  phase  involved  an  anion  analysis  of  all 
32  of  the  selected  samples  for  bromide,  chloride,  iodide,  nitrate  and  sulfate.  A  second 
phase  involved  a  40-element  analysis  of  10  of  the  samples  along  with  an  analysis  of 
the  remaining  22  samples  for  arsenic,  cadmium,  mercury  and  lead.  The  objective  of 
the  mere  detailed  analysis  was  to  learn  as  much  about  the  chemical  composition  of 
the  HC  smoke  as  was  possible  given  the  limitations  inherent  in  a  field  study. 

The  vapor  samples  taken  during  the  HC  smoke  trials  were  analyzed  for  tetra- 
chloromethane,  tetrachloroethylene,  hexachloroethane,  and  hexachlorobenzene  us¬ 
ing  a  thermal-desorption  gas  chromatography  system.  It  was  not  possible  within  the 
limitations  of  the  project  to  identify  all  the  components  of  the  vapor  phase.  Rather  the 
objective  was  to  verify  the  existence  of  these  four  potentially  harmful  vapors  and  to 
quantify  their  relative  importance. 
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3.1  Analysis  of  Filter  Samples 


The  analysis  of  the  filter  samples  was  accomplished  by  first  digesting  them  in  ni¬ 
tric  acid  and  then  analyzing  the  resulting  liquid  for  specific  elements.  To  effect  the  di¬ 
gestion,  the  samples  were  placed  in  clean,  dry  150-ml  beakers  and  a  100-pl  aliquot  of 
1000-mg/l  cobalt  added  as  an  internal  standard.  Then,  a  2.5-ml  aliquot  of  very  high 
purity  nitric  acid  was  added,  a  refluxing  watch  glass  placed  over  the  beaker,  and  the 
sample  heated  for  fifteen  minutes  over  medium  heat  to  dissolve  the  filter.  The  sample 
was  not  allowed  to  evaporate  to  dryness.  The  samples  were  quantitatively  transferred 
to  10-ml  test  tubes,  rinsing  with  5%  very  high  purity  nitric  acid.  The  test  tubes  were 
capped  and  the  contents  manually  mixed  by  shaking  the  tubes. 

All  of  the  analyses,  except  for  the  anion  determinations,  were  carried  out  using  an 
inductively  coupled  argon  plasma  atomic  emission  spectrometer  technique  on  the 
Model  1100  Thermo  Jarrell  Ash  system  with  normal  aqueous  aerosol  sample  intro¬ 
duction.  In  this  technique,  a  sample  of  the  liquid  solution  is  sprayed  into  an  argon 
plasma.  The  atomic  emission  spectra  produced  by  the  sample  are  then  used  to 
quantify  the  elements  of  interest.  The  plasma  excitation  source  is  responsible  for  the 
exceptional  sensitivity  of  this  instrument.  In  addition,  a  hydride  technique  was  used  for 
arsenic  and  selenium,  and  the  analysis  for  bromide,  chloride,  iodide,  nitrate  and  sul¬ 
fate  was  carried  out  using  ion  chromatography. 

All  methods  are  those  which  Coors  Analytical  Laboratory  has  developed  over  a 
period  of  years  for  analyzing  filter  samples  of  airborne  particulates.  The  methods  used 
reflect  the  specific  capabilities  of  their  equipment  as  well  as  their  considerable 
experience  in  this  area. 

3.2  Analysis  of  Vapor  Samples 

The  vapor  phase  of  the  HC  smoke  was  analyzed  using  a  Perkin-Elmer  Sigma 
300  Gas  Chromatograph.  Reduction  of  data  from  the  chromatograph  was  carried  out 
using  a  Perkin-Elmer  LCI-100  Integrator  linked  to  a  Perkin-Elmer  Model  7500  Com¬ 
puter.  The  key  parameters  of  the  method  are  summarized  in  Table  3. 

The  injector  of  the  chromatograph  was  modified  to  permit  complete  insertion  of 
the  Tenax-filled  collection  tubes.  Once  a  tube  is  secured  in  the  modified  injector,  ni¬ 
trogen  gas  is  passed  through  the  tube  at  the  rate  of  70  ml/min.  The  flow  leaving  the 
injector  is  split  into  equal  streams,  one  of  which  is  directed  through  the  packed  column 
of  the  chromatograph.  Because  the  injector  is  held  at  300  °C,  the  collected  vapor 
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Table  3.  Key  parameters  of  gas  chromatography  method  used  to  analyze 
HC  smoke  vapor  samples. 


Chromatograph:  .  Perkin-Elmer  Sigma  300  with 

LCI-100  Integrator  and  Model 
7500  Computer 

Detector:  .  Flame  Ionization 

Column:  .  12  ft.,  1/4  in  OD,  AP-L  15%, 

Chrom  W  80/100  mesh 


Temperatures: 

Modified  Injector 

Detector  . 

Column 

Initial  . 

Ramp  . 

Final  . 

Carrier  gas:  . 

Flow  rates: 

Modified  Injector 

Column  . 

Bypass  Flowrate 

Analysis  time:  . 


300  °C 
350  °C 

20  °C  for  5  min. 

8  C°/min  for  35  min. 
300  °C  for  20  min. 

Ultra-pure  Nitrogen 


70  ml/min 
35  ml/min 
35  ml/min 

60  min 
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desorbs  from  the  Tenax  and  is  transferred  by  the  flowing  gas  to  the  column.  To  ensure 
that  the  sample  will  collect  at  the  head  of  the  column,  the  column  temperature  is  held 
at  20  °C  using  liquid  nitrogen  for  a  period  of  5  min.  after  the  tube  is  placed  in  the  injec¬ 
tor.  The  column  temperature  is  then  raised  at  the  rate  of  8  C°/min.  to  a  value  of 
300  °C,  where  it  is  held  constant  for  a  period  of  20  min.  The  flow  through  the  column 
is  maintained  at  35  ml/min.  throughout  the  analysis.  The  various  components  of  the 
vapor  sample  pass  off  the  non-polar  column  in  order  of  increasing  molecular  weight. 
The  output  of  a  flame  ionization  detector  is  integrated  to  determine  the  amount  of  each 
compound  leaving  the  column. 

The  instrument  was  calibrated  by  analyzing  pure  samples  of  tetrachloromethane, 
tetrachloroethylene,  hexachloroethane,  and  hexachlorobenzene.  The  solid  hex- 
achloroethane  and  hexachlorobenzene  were  dissolved  in  hexane  at  the  rate  of  1  mg/I 
and  the  resulting  solution  added  to  clean  Tenax-filled  sample  tubes.  Analysis  of  these 
tubes  allowed  the  elution  time  and  detector  sensitivity  to  be  determined  for  these  two 
compounds.  The  volatile  tetrachloromethane  and  tetrachloroethylene  liquids  were 
aspirated  onto  clean  Tenax-filled  sample  tubes  which  were  analyzed  to  determine  the 
elution  times.  Calibration  of  the  detector  for  these  vapor  samples  was  accomplished 
by  first  determining  the  sensitivity  for  n-dodecane  and  hexane,  then  calculating  the  ef¬ 
fective  sensitivity  for  tetrachloromethane  and  tetrachloroethylene  based  on  propor¬ 
tionality  to  carbon  concentration. 

4.  RESULTS 

4.1  Source  and  Meteorological  Measurements 

A  compilation  of  the  relevant  source  and  meteorological  variables  for  the  HC 
smoke  trials  is  given  in  Table  4.  These  data  represent  averages  over  the  period  of 
each  test.  Source  locations  are  given  in  the  coordinate  system  defined  by  the  sam¬ 
pling  grid  shown  in  Fig.  2.  The  mean  wind  speed  and  horizontal  direction  are  denoted 
by  u  and  0,  respectively.  The  vertical  wind  direction  is  denoted  by  4>  and  is  assumed 
to  be  0°  in  the  mean.  The  symbol  o  is  used  to  denote  a  standard  deviation  with  the 
subscript  indicating  the  variable  of  interest.  For  example,  the  combination  ae  denotes 
the  standard  deviation  in  the  horizontal  wind  direction  0.  The  wind-vector  components 
u,  v,  and  w  refer  to  the  downwind,  crosswind  and  vertical  directions,  respectively.  The 
downwind  and  crosswind  components  are  defined  relative  to  the  mean  wind  direction 
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Table  4.  Source  and  meteorological  data  for  the  HC  smoke  dispersion  trials. 


General  Information 

Test  Designation 

1109871 

1110871 

1110872 

1112871 

1113871 

Date 

9  Nov  87 

10  Nov  87 

10  Nov  87 

12  Nov  87 

13  Nov  87 

Begin  Time  (CST) 

15:45:00 

11:27:30 

16:37:41 

13:31:20  ' 

10:21:00 

End  End  (CST) 

16:10:00 

12:04:00 

17:25:00 

14:17:00 

11:04:00 

Duration  (MM:S S) 

25:00 

_ 

36:30 

47:19 

45:40 

43:00 

Source  Location  (See  Figure  2) 

x  position  (m) 

270.3 

270.3 

270.3 

-21.1 

♦21.1 

y  position  (m) 

470.8 

470.8 

470.8 

21.1 

21.1 

Summary  of  Near-source  Measurements  (2-m  height) 

Mean  wind  speed,  u  (nVs) 

2.3 

3.6 

2.5 

1.9 

1.9 

Mean  wind  direction,  0  (°E  of  N) 

12 

26 

13 

220 

221 

Std.  dev.  in  hor.  wind  dir.,  ae  (°) 

18.7 

19.7 

19.9 

28.6 

31.2 

Temperature,  T  (°C) 

5.9 

3.2 

3.0 

13.8 

12.9 

Relative  humidity,  RH  (%) 

69 

61 

49 

35 

45 

Summary  of  Instrument  Tower  Measurements  (10-m  height) 

Wind  speed,  u  (nVs) 

4.4 

7.1 

5.2 

4.9 

4.3 

Wind  direction,  0  (°  E  of  N) 
Standard  deviations: 

25 

34 

24 

226 

241 

o*  n 

11.0 

13.2 

14.4 

15.3 

15.5 

c*0 

8.0 

9.3 

8.3 

9.8 

9.9 

ou  (nVs) 

1.03 

1.74 

1.28 

1.32 

1.08 

ov  (nVs) 

0.80 

1.63 

1.22 

1.34 

1.15 

a*  (m/s) 

0.75 

1.41 

0.93 

0.94 

0.83 

AT  (I0m-2m)  (°C) 

-0.68 

-0.95 

-0.70 

-0.76 

-0.74 

Cloud  cover 

heavy 

medium 

mostly 

clear 

clear 

overcast 

overcast 

cloudy 

Summary  of  Scaling  Parameters 

Wind  speed  oxponent,  n 

0.130 

0.132 

0.132 

0.121 

0.137 

Monin-Obukhov  Length,  L  (m) 

-46 

-110 

-68 

-63 

-53 

Friction  velocity,  u.  (nvs) 

0.51 

0.72 

0.57 

0.54 

0.49 

Roughness  height,  z0  (m) 

0.20 

0.20 

0.20 

0.20 

0.20 

Inversion  height,  z,t  (m) 

649 

448 

434 

816 

500 

Convection  velocity,  w.  (m/s) 

1.68 

1.57 

1.42 

1.73 

1.41 
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and  thus  the  average  value  of  u  is  simply  the  mean  wind  speed  u  ,  and  the  average 
values  of  v  and  w  are  both  zero. 

The  values  of  several  meteorological  scaling  variables  are  also  summarized  in 
Table  4.  The  wind  exponent  n  is  determined  by  fitting  the  measured  wind  speed  val¬ 
ues  to  the  power-law  form  u  =  a  zn,  where  z  is  height  above  the  ground  and  a  and  n 
are  fitting  parameters.  The  friction  velocity  u.  and  the  Monin-Obukhov  length  L  are  the 
relevant  velocity  and  length  scales  in  the  surface  layer  where  mechanical  turbulence 
dominates  transport.  The  Monin-Obukhov  length  L  indicates  the  approximate  height 
above  ground  to  which  the  surface  layer  extends.  The  friction  velocity  u.  is  determined 
by  the  shear  stress  at  the  surface  and,  thus,  characterizes  surface  induced  shear  ef¬ 
fects.  The  roughness  height  Zq  characterizes  the  roughness  elements  on  the  ground 
which  create  the  mechanical  turbulence  in  the  surface  layer.  The  convective  mixed 
layer  lies  above  the  surface  layer  and  extends  to  a  height  of  z\.  The  convective  mo¬ 
tions  in  the  mixed  layer  scale  with  the  convective  velocity  w.. 

The  time-dependent  mass  rate  of  release  is  presented  in  Fig.  3  for  four  of  the  five 
tests.  The  results  for  the  final  test  (Test  1 113871)  were  lost  due  to  an  equipment  fail¬ 
ure,  although  the  initial  and  final  masses  were  manually  recorded  and  thus  the  value 
given  for  total  mass  released  is  accurate.  Recall  that  a  single  layer  of  19  pots  was 
used  in  Test  1109871.  Figure  3  shows  that  about  midway  through  the  first  burn,  the 
second  row  of  pots  was  ignited  by  the  intense  heat  and  the  remaining  pots  were  all 
ignited  shortly  thereafter.  This  leads  to  the  very  high  release  rate  and  short  duration  of 
the  test.  Test  1 110871  was  conducted  with  the  pots  stacked,  but  the  stacks  collapsed 
after  about  20  minutes  of  the  test  and  again  a  high  release  rate  and  short  burn  time 
were  the  result.  More  controlled  ignition  was  achieved  in  the  final  three  tests;  results 
for  two  of  these  tests  (Tests  1 1 1 0872  and  1 1 1 2871 )  are  shown  in  Fig.  3.  It  is  observed 
that  the  release  rate  increases  significantly  as  each  successively  lower  pot  is  ignited. 
The  temperature  measurements  shown  for  Test  1112871  further  illustrate  the  uneven 
nature  of  the  burning,  although  the  magnitude  of  the  observed  temperature  is  strongly 
influenced  by  thermocouple  placement. 

The  results  of  the  two  single-pot  diagnostic  burns  are  shown  in  Fig.  4.  One  test 
was  conducted  with  the  pot  burning  upright,  the  second  test  with  the  pot  burning  laying 
on  its  side.  The  motivation  for  these  tests  came  from  reports  that  there  is  a  significant 
difference  in  the  burn  characteristics  in  these  two  orientations,  both  of  which  are  used 
by  smoke  units  in  the  Army.  The  results  shown  in  Fig.  4  indicate  a  substantial  differ¬ 
ence  in  the  average  exit  temperatures  (900  °C  in  the  upright  position  versus  600  °C 
laying  on  its  side),  although  the  problems  associated  with  duplicating  the  placement  of 
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Figure  3.  One-minute  averaged  source  data  for  four  HC  smoke  trials:  (a)  Test  1109871 ,  (b)  Test  1 1 10871 ,  (c)  Test  1 110872  and  (d)  Test  1 1 
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Figure  4.  Release  rates  and  exit  temperatures  for  two  diiferent  pot 
orientations:  (i)  pot  lying  on  its  side  and  (ii)  pot  in  the  normal  upright 
position. 
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the  thermocouple  do  cloud  the  issue  somewhat.  Moreover,  neither  the  total  mass  re¬ 
leased  nor  the  duration  of  the  burn  differed  significantly.  If  the  temperature  is,  in  fact, 
significantly  different,  then  the  equilibrium  composition  of  the  combustion  products 
may  be  different  as  well  due  to  changes  in  the  Gibbs  energy  function  with  temperature. 
In  a  similar  vein,  we  noticed  during  the  full-scale  releases  that  the  downwind  pots 
appeared  to  burn  hotter  (as  evidenced  by  the  color  of  the  hot  metal  canisters)  and 
more  rapidly  (as  evidenced  by  the  more  rapid  burn  down)  than  the  upwind  pots  even 
though  the  stacks  were  fairly  close  together.  We  attribute  this  behavior  to  the  cooling 
effect  of  the  wind.  Analysis  of  such  issues  is  well  beyond  the  scope  of  the  current 
project,  although  the  fact  that  the  smoke  characteristics  may  differ  depending  on 
factors  such  as  ambient  temperature,  humidity,  wind  speed,  and  even  pot  orientation 
should  provide  a  degree  of  caution  in  generalizing  the  results  to  all  possible 
scenarios. 

More  complete  information  concerning  the  source  and  meteorological  data 
recorded  during  the  Atterbury-87  Field  Studies  is  presented  in  the  companion  report 
by  Liljegren  et  al.  (1989). 

4.2  Particle  Size 

Figures  5  though  9  show  the  particle  size  distributions  measured  for  each  of  the 
five  HC  smoke  trials.  The  data  are  plotted  on  log-probability  axes  for  which  a  log-nor¬ 
mal  distribution  is  a  straight  line.  All  of  the  tests  show  a  greater  fraction  of  smaller  par¬ 
ticles  than  a  true  log-normal  distribution  gives.  Moreover,  the  mass  of  particles  col¬ 
lected  in  this  smaller  size  range  is  well  above  background.  Thus,  we  may  conclude 
that  the  particle  size  distribution  is  most  likely  bimodal  and  that  there  may,  in  fact,  be 
two  different  types  of  particles  present  in  the  smoke. 

The  sizes  shown  in  Figs.  5  through  9  are  based  on  a  nominal  particle  density  of 
2000  kg/m3.  If  two  different  types  of  particles  are  indeed  present,  it  is  likely  that  the 
larger  particles  are  zinc  chloride  solution  drops.  In  this  case,  particle  density  will  be 
closer  to  that  of  liquid  water  and  the  cut  sizes  for  each  stage  must  be  increased  by  a 
factor  of  about  1.2  to  1.4.  In  contrast,  the  smaller  particles  are  most  probably  those 
which  did  not  grow  into  solution  drops  for  physical  and/or  chemical  reasons.  Thus, 
these  particles  most  likely  have  a  density  greater  than  2000  kg/m3  and  thus  the  sizes 
shown  in  Figs.  5  through  9  must  be  reduced  accordingly.  The  net  effect  is  to  further 
separate  the  the  larger  and  smaller  particle  size  ranges  over  that  already  indicated  in 
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e  6.  Particle  size  distribution  of  HC  smoke  measured 
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icle  size  distribution  of  HC  smoke  measured  during  Test  1 110872. 
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Figs.  5  though  9.  We  shall  return  to  the  matter  of  the  bimodal  particle  size  distribution 
in  Section  4.3.1. 

Again,  only  the  salient  features  of  the  particle  size  measurements  are  presented 
here,  additional  detail  is  given  by  Liljegren  et  al.  (1989). 

4.3  Chemical  Composition  of  HC  Smoke 

A  major  part  of  the  effort  devoted  to  HC  smoke  was  aimed  at  determining  the 
chemical  composition  of  the  HC  particulate  and  vapor  phases.  In  fact,  the  inductively 
coupled  argon  plasma  atomic  emission  spectrometer  technique  was  selected  not  only 
because  of  the  accuracy  with  which  zinc  and  aluminum  mass  determinations  could  be 
made,  but  also  because  it  allowed  a  wide  ranging  analysis  of  the  elemental 
composition  of  the  filter  samples.  The  study  of  the  vapor  phase  was  more  limited  in 
scope  and  directed  primarily  at  four  specific  hydrocarbon  compounds. 

4.3.1  Analysis  of  Filter  Samples 

As  previously  described,  10  of  the  most  heavily  exposed  filter  samples  were  se¬ 
lected  for  a  complete  elemental  analysis  using  an  atomic  emission  spectrometer 
technique  which  can  quantify  40  separate  elements.  In  addition,  these  samples  were 
analyzed  by  ion-chromatography  for  bromide,  chloride,  iodide,  nitrate  and  sulfate. 
Combining  these  results,  an  analysis  for  a  total  of  45  elements  is  obtained.  Key  ele¬ 
ments  omitted  from  the  analysis  are  carbon,  hydrogen  and  oxygen,  all  of  which  are 
present  in  the  HC  smoke  pot  mixture.  Detailed  information  concerning  these  elemen¬ 
tal  and  anion  analyses  is  given  in  Appendix  C. 

The  results  of  the  elemental  analysis  are  summarized  in  Table  5.  Here,  the  ele¬ 
ments  are  listed  in  decreasing  order  of  their  average  mass  on  the  10  filter  samples. 
We  see  that  zinc  and  chlorine  are  the  major  contributors  but  that  many  other  elements 
are  present  in  significant  amounts  as  well.  In  order  to  better  identify  those  which  are 
present  in  the  HC  smoke  particulate,  we  have  calculated  the  correlation  coefficient  of 
each  of  the  elements  with  zinc.  From  this  statistic,  five  significant  elements  are  identi¬ 
fied:  zinc,  chlorine,  iron,  aluminum  and  lead. 

The  analysis  of  an  additional  22  samples  for  1 1  elements  (zinc,  aluminum,  chlo¬ 
ride,  sulfate,  nitrate,  iodide,  bromide,  lead,  arsenic,  mercury,  and  cadmium)  confirms 
the  results  described  above.  Only  zinc,  aluminum  and  chloride  are  identified  as  signif¬ 
icant  contributors.  The  remaining  elements  either  are  present  in  negligible  amounts 
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Table  5.  Elemental  compostion  of  filter  samples. 


Element 

Average  Mass 

Ipg] 

Average 

Mass  Ratio 
Relative  to 

Zinc 

Standard 
Deviation  of 
Mass  Ratio 
to  Zinc 

Correlation 
Coefficient 
with  Zinc 

Zn 

292  65 

1.0000 

0.0000 

1.00 

Chloride 

256.40 

0.8632 

0.1390 

0.91 

Fe 

66.22 

0.2207 

0.0721 

0.73 

Na 

42.78 

0.1553 

0.0578 

0.21 

Al 

22.55 

0.0766 

0.0155 

0.77 

Sulfate 

9.00 

0.0300 

0.0219 

0.36  | 

Ca 

8.31 

0.0325 

0.0273 

•0.38 

Pb 

7.58 

0.0253 

0.0083 

0.71 

Si 

3.87 

0.0132 

0.0081 

0.36 

Nitrate 

3.00 

0.0104 

0.0045 

0.34 

Mo 

1.27 

0.0046 

0.0016 

-0.03 

Sn 

1.08 

0.0042 

0.0054 

-0.12 

Bromide 

1.00 

0.0048 

0.0088 

-0.59 

Zr 

0.65 

0.0024 

0.0009 

-0.10 

Ba 

0.63 

0.0024 

6.0017 

-0.15 

B 

0.61 

0.0024 

0.0033 

0.15 

Cr 

0.51 

0.0023 

0.0034 

-0.65 

Cu 

0.33 

0.0013 

0.0011 

-0.30 

Ti 

0.32 

0.0015 

0.0029 

-0.67 

P 

0.30 

0.0020 

0.0062 

-0.69 

Cd 

0.29 

0.0010 

0.0009 

0  07  I 

Aq 

0.18 

0.0008 

0.0014 

-0.42 

Sb 

0.15 

0.0005 

0.0004 

0  39 

w 

0.14 

0.0005 

0.0010 

0.10 

Mu 

0.13 

0.0006 

0.0010 

-0.43 

hi 

0.12 

0.0004 

0.0008 

0.13 

Be 

0.08 

0.0003 

0.0002 

0.25 

As 

0.05 

0.0002 

0.0001 

0.30 

Mn 

0.04 

0.0002 

0.18 

Co 

0.03 

0.0002 

0.0006 

-0.69 

Sr 

0.02 

0.0001 

0.0001 

0.32 

Se 

0.01 

0.0001 

0.04 

Iodide 

0.00 

0.0000 

0.0000 

0.00 

_ Hg _ 

0.00 

0.0000 

0.0000 

0  00 

Au 

0.00 

i  0.0000 

0.0000 

0.00 

Ce 

0.0000 

0.0000 

0.00 

1  K 

0.00 

0.0000 

HBlilifiliHS 

0.00 

La 

0.00 

0.0000 

0.00 

Li 

0.00 

0.0000 

0.0000 

0.00 

Nd 

0.00 

0.0000 

0.0000 

0.00 

Pd 

0.00 

0.0000 

0.0000 

0.00 

Pr 

0.00 

0.0000 

0.0000 

0.00 

Pt 

0.00 

0.0000 

0.0000 

0.00 

Th 

0.00 

0.0000 

0.0000 

0.00 

Y 

0.00 

0.0000 

t.OOOO 

0.00 
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(iodide  and  mercury)  or  else  show  little  correlation  with  zinc  (nitrate,  sulfate,  bromide, 
arsenic  and  cadmium),  and  thus  are  most  likely  from  other  sources. 

Table  6  compares  the  composition  of  the  HC  smoke  particulate  as  determined 
from  the  analysis  of  the  filter  samples  with  the  composition  of  the  original  mixture,  all 
values  given  relative  to  zinc.  The  uncertainties  shown  for  the  smoke  particulate  reflect 
the  95%  confidence  level.  Note  that  values  are  given  based  on  both  the  45-element 
analysis  of  10  samples  and  the  11 -element  analysis  of  22  samples.  These  two  de¬ 
terminations  of  particulate  phase  composition  agree  within  the  uncertainty  of  the  data. 

Table  6  indicates  that  only  about  77%  of  the  chlorine  and  only  about  43%  of  the 
aluminum  is  accounted  for,  based  on  the  analysis  of  the  filter  samples.  In  contrast,  a 
significant  amount  of  iron  was  detected  even  though  iron  is  not  thought  to  be  an  impor¬ 
tant  constituent  of  the  original  mixture.  It  seems  likely  that  the  iron  comes  from  the 
sheet  metal  containers  which  are  partially  vaporized  as  the  pot  burns.  The  filter  anal¬ 
ysis  suggests,  however,  that  about  1  kg  of  iron  is  released  for  each  pot.  This  value 
seems  quite  high  given  that  the  canister  is  only  partially  burned  away.  The  lead  which 
is  observed  is  most  likely  attributable  to  an  impurity  in  the  zinc  processing. 


Table  6.  Composition  of  HC  smoke  particulate  compared  with  that  of  the 
original  mixture.  All  values  given  are  relative  to  zinc. 


Element 

HC  Smoke 

HC  Smoke  Particulate 

Pot  Mixture 

10  samples 

22  samples 

chlorine 

1.12 

0.86  ±0.10 

0.88  ±  0.09 

oxygen 

0.25 

— 

— 

aluminum 

0.18 

0.077  ±0.01 

0.080  ±  0.008 

carbon 

0.13 

— 

— 

iron 

— 

0.22  ±0.05 

— 

lead 

— 

0.025  ±  0.006 

0.026  ±  0.004 

All  920  samples  were  analyzed  for  zinc  and  aluminum;  a  complete  listing  of  the 
values  determined  by  the  chemical  analysis  procedure  is  given  in  Appendix  B.  A 
careful  examination  of  these  data  reveals  that  the  background  levels  are  roughly 


37 


0.5  pg  for  zinc  and  0.7  pg  for  aluminum.  Further  analysis  of  the  data  reveals  that  the 
correlation  between  aluminum  and  zinc  drops  off  significantly  for  samples  which  are 
below  about  three  times  background  (1.5  pg  for  zinc  and  2.1  pg  for  aluminum).  These 
limits  were  therefore  selected  as  the  thresholds  for  a  valid  determination.  Of  the  920 
samples  collected,  428  have  both  zinc  and  aluminum  values  above  the  corresponding 
threshold.  The  most  heavily  exposed  filter  samples  have  zinc  values  which  are 
roughly  300  times  the  threshold  or  about  900  times  background.  For  aluminum,  the 
highest  values  are  roughly  25  times  threshold  or  about  75  times  background. 

One  might  expect  that  these  data  would  merely  confirm  the  composition  of  the 
smoke  particulate  determined  from  the  more  detailed  analysis  presented  above. 
Unfortunately,  this  was  not  the  case.  Rather,  the  aluminum-zinc  ratio  showed  a  wide 
scatter  with  a  much  lower  mean  than  the  value  of  roughly  0.08  stated  above.  The  data 
seemed  to  show  an  underlying  systematic  structure,  although  this  structure  proved 
very  difficult  to  uncover.  It  seems  that  the  data  can  be  divided  into  two  distinct  groups 
roughly  based  on  the  mass  of  zinc  (and  thus  the  mass  of  particulate  smoke)  collected 
on  the  filter.  This  dichotomous  behavior  is  illustrated  rather  dramatically  in  Fig.  10. 
Here,  the  aluminum-zinc  ratio  is  plotted  versus  mass  of  zinc  collected  for  all  38  of  the 
valid  measurements  taken  on  Transect  1  during  Test  1113871.  It  may  be  observed 
that  the  aluminum-zinc  ratio  drops  sharply  from  about  0.08  for  zinc  values  above  220 
pg  to  about  0.02  for  zinc  values  below  200  pg.  The  other  data  show  a  similar  behavior 
but  the  zinc  level  at  which  the  transition  occurs  varies  from  case  to  case. 
Unfortunately,  the  factors  determining  the  transition  point  could  not  be  effectively  iso¬ 
lated. 

Owing  to  the  variability  of  the  transition  point,  it  was  decided  to  divide  the  data 
into  three  groups:  Group  1  -  samples  with  less  than  200  pg  of  zinc  on  the  filter,  Group 
2  -  samples  with  between  200  and  300  pg  of  zinc  on  the  filter  and  Group  3  -  samples 
with  more  than  300  pg  of  zinc  on  the  filter.  Figure  1 1  compares  the  distributions  of 
Groups  1  and  3.  The  distribution  of  Group  2  which  exhibits  characteristics  of  both  of 
these  extremes  is  not  shown.  The  Group  1  distribution  is  very  nearly  log-normal  with  a 
geometric  mean  of  0.019  and  a  geometric  standard  deviation  of  2.52.  Figure  11 
shows  that  there  is  a  95%  probability  that  the  aluminum-zinc  ratio  for  a  sample  in 
Group  1  will  lie  between  0.0025  and  0.08,  a  factor  of  32  in  range.  The  log-normal 
distribution  with  a  very  large  range  suggests  that  the  amount  of  aluminum  collected  on 
the  filter  is  determined  by  some  unknown  set  of  random  processes.  In  contrast,  the 
distribution  of  values  in  Group  3  is  more  narrow  and  is  equally  weJ!  deiait^d  oy  both 
a  linear-normal  and  log-normal  distribution.  This  behavior  suggests  that  the  Group  3 
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Variation  of  Al/Zn  Ratio  with 
Mass  of  Zinc  Collected  on  Filter 
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Figure  10.  Variation  in  the  aluminum/zinc  mass  ratio  with  mass  of  zinc  collected  on  filter. 
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Figure  1 1 .  Cumulative  distribution  of  aluminum/zinc  mass  ratio  for  two  groups  of  samples: 
Group  1  -  samples  with  less  than  200  p.g  of  zinc  collected  on  the  filter  and 
Group  3  -  samples  with  more  than  300  pg  of  zinc  collected  on  the  filter. 


distribution  is  the  result  of  random  measurement  errors  in  the  zinc  and  aluminum 
levels. 

We  can  only  speculate  as  to  the  cause  of  this  strange  behavior,  but  one  possible 
explanation  centers  on  the  effectiveness  of  the  filters  for  collecting  very  small  particles. 
Recall  that  the  particle  size  measurements  revealed  that  the  distribution  is  bimodal 
and  that  roughly  5  -  1 5%  of  the  mass  is  contained  in  the  smaller  range.  Suppose  for 
the  sake  of  argument  that  these  small  particles  are  in  fact  crystalline  aluminum  oxide 
and  that  the  larger  particles  are  zinc  chloride  and  liquid  water  absorbed  from  the  air. 
Accounting  for  the  greater  density  of  aluminum  oxide  (3500  -  4000  kg/m3  depending 
on  crystal  structure),  we  conclude  that  these  smaller  particles  are  log-normally  dis¬ 
tributed  with  a  geometric  mean  diameter  of  about  0.1  pm.  Such  particles  could  osten¬ 
sibly  pass  through  a  membrane  filter  with  a  pore  size  of  0.45  pm  such  as  was  used  to 
collect  the  particulate  phase  of  the  HC  smoke.  As  the  larger  particles  are  deposited  on 
the  filter,  the  collection  efficiency  for  the  smaller  particles  may  be  expected  to  increase. 
Within  the  context  of  this  scenario,  the  wide  ranging  log-normal  distribution  of  the 
aluminum-zinc  ratio  at  low  filter  loading  can  be  explained  in  terms  of  the  random  fac¬ 
tors  influencing  the  collection  of  small  particles,  whereas  the  more  narrow  distribution 
characteristic  of  the  more  heavily  exposed  filters  can  be  viewed  as  the  result  of 
random  factors  inherent  in  the  sampling  and  analysis  procedures. 

4.3.2  Analysis  of  Vapor  Samples 

The  composition  of  the  vapor  phase  was  studied  by  Katz  et  al.  (1980).  These  in¬ 
vestigators  give  the  composition  shown  in  Table  7.  Here,  the  existence  of  many  pos¬ 
sible  constituents  as  well  as  the  wide  variability  in  composition  is  readily  observed. 

Owing  to  the  limitations  inherent  in  the  current  project,  our  attention  was  focused 
on  four  of  the  suspected  vapor-phase  constituents  identified  as  being  of  particular 
concern  to  USABRDL:  tetrachloromethane,  tetrachloroethylene,  hexachloroethane, 
and  hexachlorobenzene.  The  vapor  phase  collected  in  the  field  using  Texax-filled 
sample  tubes  was  desorbed  and  analyzed  by  gas  chromatography  in  the  laboratory. 
The  methods  used  to  quantify  these  compounds  are  described  in  Section  3.2.  A 
sample  chromatogram  is  shown  in  Fig.  12.  This  chromatogram  is  for  the  sample  taken 
at  a  height  of  1  m  near  Mast  7  of  Transect  4  during  Test  1 1 1 0872.  Detailed  information 
for  all  12  of  the  vapor  phase  analyses  is  provided  in  Appendix  D. 
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Figure  12.  Sample  chromatogram  for  HC  vapor  phase.  This  sample 
was  collected  at  a  height  of  1  m  near  Mast  7  of  Transect  4 
during  Test  1 110872. 


Table  7.  Gaseous  combustion  products  of  HC  smoke  according  to  Katz  et  al.  (1980). 


CQjnpound 

formula 

Mass  forcgnt-Qi  Rat 

tetrachloroethylene 

C2CI4 

3.0  -17.0  % 

tetrachloromethane 

ecu 

1.0  -3.0% 

hexachloroethane 

C2Cla 

0.3  -  5.0  % 

carbonyl  chloride 

COCI2 

0.1  -1.0% 

hexachlorobenzene 

C6CI6 

0.4  -  0.9  % 

carbon  monoxide 

CO 

0.9  -3.7% 

hydrogen  chloride 

HCI 

0.03  -3.4% 

chlorine 

CI2 

0.3  - 1 .9  % 

The  mass  of  each  of  these  four  organic  compounds  was  scaled  by  the  mass  of 
zinc  collected  by  the  corresponding  filter  sampler  in  order  to  normalize  the  data. 
Figure  13  and  Table  8  present  the  final  results  of  this  analysis.  Figure  13  shows  the 
the  cumulative  distribution  for  each  of  the  four  vapor  constituents.  From  this  plot,  we 
conclude  that  the  mass  fractions  are  log-normally  distributed  with  a  geometric  stan¬ 
dard  deviation  of  between  7  and  1 1 .5,  very  large  values  indeed.  Such  a  large  geo¬ 
metric  standard  deviation  is  consistent  with  the  results  reported  Katz  et  al.  (1980). 
Hexachlorobenzene  is  the  largest  contributor  among  the  four  accounting  for  47.6%  of 
the  total.  Tetrachloromethane  is  the  second  largest  contributor  at  about  22%  of  the 
total.  Hexachloroethane  and  tetrachloroethylene  are  about  equal  in  their  contributions 
being  15.8%  and  14.3%,  respectively.  The  four  compounds  total  about  0.063 
compared  with  the  mass  of  zinc. 

We  can  combine  the  results  of  the  particulate  and  vapor  phase  analyses  to  spec¬ 
ify  the  overall  composition  of  the  HC  smoke.  Unfortunately,  the  information  available  is 
insufficient  to  develop  a  complete  picture.  However,  a  reasonable  approximation  can 
be  obtained  by  adding  the  following  assumptions  to  the  specific  results  of  the  particu¬ 
late  and  vapor  phase  analyses. 

1.  Chlorine  is  conserved;  the  amount  not  accounted  for  in  the  particulate  anal¬ 
ysis  exists  in  the  form  of  chlorinated  vapors. 
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Figure  13.  Cumulative  distribution  of  four  organic  compounds  present  in  the  HC  vapor  phase. 


Table  8.  Composition  of  HC-smoke  vapor  phase.  Values  shown  are  relative  to  zinc. 


Mass  Ratio  to  Elemental  Zinc 

Compound 

geometric 

95  %  confidence  interval 

geometric 

mean 

lower  limit 

upper  limit 

std.  dev. 

tetrachloromethane 

0.014 

0.003 

0.064 

7.0 

tetrachloroethylene 

0.009 

0.002 

0.049 

hexachloroethane 

0.010 

0.002 

0.064 

11.4 

hexachlorobenzene 

0.030 

0.005 

0.195 

11.5 

four  compounds  combined 

0.063 

0.011 

0.364 

9.8 

2.  Owing  to  its  larger  molecular  weight  relative  to  carbon,  hydrogen  and  oxy¬ 
gen  and  to  its  usually  larger  atom  count  within  the  molecules  of  the  vapor 
phase  constituents,  we  assume  that  chlorine  accounts  for  90%  of  the  vapor 
phase  by  mass. 

3.  The  metals  in  the  particulate  phase  (iron,  aluminum,  lead  and  unchlorinated 
zinc)  are  all  present  in  oxide  form. 

Table  9  shows  the  composition  of  the  smoke  using  the  results  of  the  chemical 
analysis  coupled  with  the  above  set  of  assumptions.  This  is  the  composition  which 
may  be  expected  just  after  the  combustion  products  have  condensed  and  the  particu¬ 
late  phase  is  formed.  As  noted  earlier,  many  believe  that  the  zinc  chloride  particles 
then  collect  water  from  the  atmosphere  to  form  solution  droplets  which  ultimately  com¬ 
prise  the  smoke.  We  cannot  confirm  or  deny  this  hypothesis.  Because  the  amount  of 
liquid  water  present  in  the  smoke  is  unknown,  it  is  not  taken  into  consideration  in  Table 
9.  The  four  organic  vapors  specifically  identified  in  our  study  comprise  about  a  third  of 
the  total  vapor  phase.  The  remainder  corresponds  to  the  peaks  seen  in  the  chro¬ 
matogram  but  not  specifically  identified  as  well  as  other  gases  which  are  not  collected 
by  the  Tenax  absorbent. 

A  significant  point  which  must  be  stressed  in  presenting  the  approximate  com¬ 
position  of  Table  9  is  the  great  variability  which  is  possible  in  a  single  sample  of  the 
smoke.  Our  measurements  reveal  that  any  single  sample  may  be  less  than  1%  vapor 
or  more  than  30%  vapor  with  a  10%  probability.  Similar  variation  is  possible  in  the 
composition  of  the  particulate  phase.  Thus,  individual  exposures  may  differ  greatly 
from  the  composition  shown  in  Table  9  even  for  the  same  source  and  meteorological 
conditions. 


Table  9.  Approximate  composition  of  HC  smoke. 


Constituent 


Estimated  Mass  Fraction  1%) 


zinc  chloride  62.5 

2inc  oxide  9.6 

iron  oxide  10.7 

aluminum  oxide  5.4 

lead  oxide  _  1.Q 

Total  particulate  phase  89.2 

chlorinated  vapors  JQ.8 

Total  particulate  and  vapor  phases  100.0 


4.4  Concentration  Measurements 

The  discussion  to  this  point  has  centered  on  characterizing  the  HC  smoke  in 
physical  and  chemical  terms.  An  equally  important  objective  of  our  study  is  the  ac¬ 
quisition  of  data  for  evaluating  and  improving  atmospheric  dispersion  models.  These 
data  are  presented  in  terms  of  the  mean  concentration  calculated  by  taking  the  ratio  of 
the  total  mass  collected  on  a  filter  sample  to  the  product  of  the  aspiration  rate  and  the 
duration  of  the  release.  Since  the  exact  composition  of  the  smoke  is  only  approxi¬ 
mately  known,  we  chose  instead  to  base  our  analysis  on  elemental  zinc  which  acts  as 
a  conservative  tracer  in  the  smoke.  All  of  the  zinc  ostensibly  exists  in  the  particulate 
phase  and  thus  is  collected  by  the  filter  samplers. 

Unfortunately,  an  apparent  problem  with  the  sampling  method  was  discovered 
after  the  data  were  taken.  It  appears  that  filter  loading  significantly  affects  collection 
efficiency.  This  problem  is  most  likely  related  to  the  nature  of  the  membrane  filter  used 
to  collect  the  HC  smoke  and  is  probably  made  more  severe  by  the  fact  that  liquid  water 
surrounds  the  much  smaller  zinc  chloride  particle.  As  a  result  of  this  loading  effect,  the 
most  heavily  exposed  filter  samples  showed  lower  levels  of  zinc  than  were  actually 
present. 

To  study  the  effect  of  filter  loading,  we  begin  with  a  simple  equation  relating  the 
collection  rate  dm/dt  to  the  atmospheric  concentration  C  and  the  nominal  flow  rate  V0. 
Written  in  terms  of  zinc,  we  have 
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(4.1) 


dm^ 

dt 


e(m2n)  C2n  V0  i 


where  e  is  the  collection  efficiency  which  is  assumed  to  depend  on  the  mass  collected. 
We  can  estimate  e  by  comparing  the  results  obtained  from  the  filters  aspirated  at  the 
rate  of  0.1  Ipm  by  a  battery-powered  Gilian  pump  with  those  obtained  from  the  nearby 
mast-mounted  filters  aspirated  at  the  rate  of  18.1  Ipm.  If  the  collection  efficiency  were  a 
constant  independent  of  mass  on  the  filter,  these  two  values  would  be  simply  propor¬ 
tional  to  their  corresponding  flow  rates.  Based  on  the  lower  yield  at  the  higher  flow 
rate,  it  was  determined  that  the  collection  efficiency  e  is  given  by 


r 


e 


( m  2  n  -  m  o ) 
me 


m2  n  ^  m  o 


m  2  n  >  m  o 


(4.2) 


where  m0  and  mc  are  characteristic  constants  determined  to  be  120  pg  and  32  pg, 
respectively.  Thus,  the  collection  efficiency  is  roughly  100%  at  loadings  less  than 
120  pg  and  drops  off  exponentially  for  loadings  above  this  value.  Substituting  Eqn. 
4.2  into  Eqn.  4.1  and  integrating  over  the  duration  of  the  release  T,  we  obtain  the  fol¬ 
lowing  expression  for  the  mean  concentration  C  . 


r 


mzn 

V0T 


m0  +  mc  exp 

V0T 


m  2  n  S  m  0 


m  2  n  >  rn  o 


(4.3) 


The  concentrations  determined  from  Eqn.  4.3  are  tabulated  for  each  sampler  lo¬ 
cation  in  Appendix  E.  Since  no  significant  trend  with  height  above  the  ground  was 
evident,  the  four  measurements  on  each  mast  were  averaged  to  reduce  statistical 
variability.  The  concentrations  measured  on  the  four  transects  during  each  of  the  five 
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HC  tests  are  plotted  in  Figs.  14  though  18.  The  results  are  similar  in  nature  to  those 
obtained  with  the  fog-oil  smoke. 

An  additional  perspective  on  the  quality  of  the  data  is  provided  in  Figs.  19  and  20. 
Figure  19  shows  nondimensional  crosswind-integrated  concentration  plotted  against 
nondimensional  downwind  distance.  Figure  20  shows  nondimensional  plume  width 
versus  nondimensional  downwind  distance.  In  both  cases,  the  convective  scaling 
suggested  by  Nieuwstadt  (1980)  is  used.  The  crosswind-integrated  concentration  Cy 
and  the  plume  width  cy  were  determined  from  the  pointwise  transect  measurements  by 
fitting  a  Gaussian  profile  to  the  data.  In  Figs.  19  and  20,  the  scaled  results  are  com¬ 
pared  with  the  well-known  data  from  Project  Prairie  Grass  (see  Barad,  1956).  The 
agreement  is  seen  to  be  quite  good  despite  our  need  to  adjust  the  measured  data  to 
correct  for  filter  loading.  As  reported  by  Liljegren  et  al.,  this  scaling  analysis  also  col¬ 
lapses  our  own  fog-oil  measurements  as  well  as  the  field  data  from  Project  CONDORS 
(see  Kaimal  et  al.,  1986)  and  the  laboratory  data  taken  by  Deardorff  and  Willis  (1975). 
Thus,  the  value  of  the  scaling  analysis  is  readily  apparent,  and  the  quality  of  our  HC 
concentration  data  is  comparable  to  that  of  the  other  sets  of  data  available  to  test  dis¬ 
persion  models  under  convective  atmospheric  conditions  over  flat  terrain. 

5.  SUMMARY  AND  CONCLUSIONS 

Five  dispersion  experiments  were  conducted  under  daytime  convective  condi¬ 
tions  in  moderately  flat  terrain  at  Camp  Atterbury,  Indiana  during  November,  1987. 
The  source  for  each  test  consisted  of  18-20  M5  hexachloroethane  (HC)  smoke  pots 
burned  over  a  period  of  between  25  and  47  min.  The  plume  was  sampled  using  46 
sampling  masts  organized  into  four  transects  at  distances  from  50  to  675  m  from  the 
source.  The  particulate  phase  of  the  smoke  was  collected  at  four  heights  (2,  4,  6  and  8 
m)  on  each  mast  using  cellulose  membrane  filters  housed  in  aspirated  cassettes.  In 
addition,  twelve  samples  of  the  vapor  phase  were  collected  using  Tenax-filled  tubes  in 
series  with  filter  cassettes.  Particle  size  was  measured  at  a  single  location  using  a 
quartz-crystal-microbalance  cascade  impactor.  Meteorological  data  were  collected 
using  a  10-m  instrument  tower  and  a  2-m  mast  upwind  of  the  source. 

The  filter  samples  were  analyzed  by  inductively  coupled  argon  plasma  atomic 
emission  spectrometry  and  ion  chromatography.  All  920  samples  collected  during  the 
five  tests  were  analyzed  for  zinc  and  aluminum.  Ten  of  the  most  heavily  exposed  fil¬ 
ters  were  analyzed  for  45  elements  and  22  additional  samples  were  analyzed  for  1 1 
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Figure  14.  Average  zinc  concentration  data  for  Test  1109871.  Averages  are  taken  over  ail  four  sampling  heights. 
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Figure  15.  Average  zinc  concentration  data  for  Test  1 110871.  Averages  are  taken  over  all  four  sampling  heights. 
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Figure  16.  Average  zinc  concentration  data  for  Test  1 110872.  Averages  are  taken  over  all  four  sampling  heights. 
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Figure  1 7.  Average  zinc  concentration  data  for  Test  1 112871 .  Averages  are  taken  over  all  four  sampling  heights. 
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Figure  18.  Average  zinc  concentration  data  for  Test  1 1 1 3871 .  Averages  are  taken  over  all  four  sampling  heights. 


Comparison  of  Airborne  Zinc 
Concentration  Data  with  Data 
from  Project  Prairie  Grass 
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Figure  19.  Comparison  of  airborne  zinc  concentration  data  with  data 
from  Project  Prairie  Grass.  Comparison  is  made  in  terms  of 
nondimensional  crosswind-integrated  ground-level  concen¬ 
tration  versus  nondimensional  downwind  distance.  Cross- 
wind  integrated  concentration  is  determined  from  pointwise 
measurements  by  fitting  the  transect  data  to  a  Gaussian 
lateral  profile. 
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Comparison  of  Plume  Width 
Data  with  Similar  Data  from 
Project  Prairie  Grass 
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Figure  20.  Comparison  of  plume  width  data  with  similar  data  from 
Project  Prairie  Grass.  Comparison  is  made  in  terms  of 
nondimensional  plume  width  versus  nondimensional 
downwind  distance.  Plume  width  is  determined  from 
pointwise  measurements  by  fitting  the  transect  data  to  a 
Gaussian  lateral  profile. 
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elements.  The  vapor-phase  samples  were  analyzed  for  four  specific  chlorinated  or¬ 
ganic  compounds. 

Results  indicated  that  the  HC  smoke  has  a  bimodal  particle  size  distribution  with 
about  5  -  15%  of  the  mass  contained  in  the  smaller  size  range.  It  is  theorized  that 
these  particles  could  be  solid  aluminum  oxide  with  a  geometric  mean  diameter  of 
about  0.1  pm.  This  possibility  was  offered  as  a  potential  explanation  as  to  why  the 
filters  with  a  small  amount  of  collected  mass  showed  abnormally  low  aluminum  levels. 

The  chemical  analysis  of  the  samples  revealed  that  the  smoke  is  roughly  90% 
particulate  and  10%  vapor  by  mass.  The  particulate  phase  contains  zinc,  chlorine, 
aluminum,  iron  and  lead  in  significant  quantities.  The  presence  of  iron  in  rather  large 
amounts  was  somewhat  unexpected,  although  it  existence  can  be  partly  attributed  to 
the  metal  canister  which  houses  the  pot  material  and  is  partially  vaporized  as  the  pot 
burns.  The  amount  of  iron  seemed  to  be  larger  than  could  be  explained  from  this 
source  alone,  however.  Lead,  present  in  rather  small  amounts,  is  most  likely  an  im¬ 
purity  which  arises  in  the  zinc  processing.  The  amount  of  chlorine  is  less  than  the  sto- 
chiometric  level  required  to  consume  all  the  zinc  as  chloride.  Therefore,  it  is  probable 
that  some  of  the  zinc  and  most  of  the  other  metals  exist  in  oxide  form  in  the  HC  particu¬ 
late.  The  four  targeted  organic  compounds  were  found  to  account  for  about  a  third  of 
the  vapor  phase. 

A  key  point  to  be  stressed  is  the  variability  of  smoke  composition.  This  variability, 
seen  in  all  aspects  of  the  chemical  analysis,  indicates  that  individual  smoke  samples 
may  differ  greatly  from  the  mean  determined  in  our  study.  Moreover,  factors  such  as 
ambient  temperature,  ambient  humidity,  wind  speed  and  pot  orientation  may  all  affect 
the  HC  smoke  products,  although  the  examination  of  these  effects  lies  outside  the 
scope  of  the  present  study. 

It  was  discovered  that  filter  loading  was  a  significant  problem  in  collecting  the  HC 
particulate  phase.  A  crude  analysis  of  this  effect  was  developed  based  on  results  ob¬ 
tained  from  samples  aspirated  at  widely  different  rates.  The  concentration  data  ob¬ 
tained  using  the  results  of  this  analysis  showed  good  agreement  with  other  dispersion 
data  in  nondimensional  form.  Thus,  the  corrected  concentration  data  are  suitable  for 
model  testing  in  the  appropriate  context. 


56 


REFERENCES 


Barad,  M.  L.,  1956:  "Project  Prairie  Grass:  A  Field  Program  in  Diffusion,"  Volumes  1 
and  2,  Geophysical  Research  Papers  No.  59,  Air  Force  Cambridge  Research 
Center,  AD-152572  and  AD-152573. 

Deardorff,  J.  W.,  and  G.  E.  Willis,  1975:  "A  Parameterization  of  Diffusion  into  the  Mixed 
Layer",  Journal  of  Applied  Meteorology,  14,  1451-1458. 

Kaimal,  J.  C.,  W.  L.  Eberhard,  W.  R.  Moninger,  J.  E.  Gaynor,  S.  W.  Troxel,  T.  Uttal,  G.  A. 
Briggs  and  G.  E.  Start,  1986:  "Project  CONDORS  -  Convective  Diffusion 
Observed  by  Remote  Sensors,"  Report  No.  7,  Boulder  Atmospheric  Observatory, 
Boulder,  Colorado. 

Katz,  S.,  A.  Snelson,  R.  Farlow,  R.  Welker,  S.  Mainer,  1980:  Physical  and  Chemical 
Characterization  of  Military  Smokes  -  Part  I:  Final  Report  on  Hexachloroethane 
Smoke,  work  completed  under  contract  no.  DAMD17-78-C-8085,  IIT  Research 
Institute,  Chicago,  Illinois. 

Liljegren,  J.  C.,  W.  E.  Dunn,  G.  E.  DeVaull,  and  A.  J.  Policastro,  1989:  The  Atterbury-87 
Field  Study  of  Smoke  Dispersion  and  a  New  Stochastic  Dispersion  Model,  work 
completed  under  contract  no.  84PP4822,  University  of  Illinois  at  Urbana- 
Champaign,  Urbana,  Illinois. 

Nieuwstadt,  F.  T.  M.,  1980:  "Application  of  Mixed-Layer  Similarity  to  the  Observed 
Dispersion  from  a  Ground-Level  Source",  Journal  of  Applied  Meteorology,  19. 
157-162. 


57 


Appendix  A.  Coordinate  Information 

This  appendix  provides  detailed  coordinate  information  for  the  grid  used 
in  the  HC  smoke  dispersion  trials.  Table  A.1  gives  the  coordinates  of  the 
meteorological  tower  and  the  two  release  points.  Table  A. 2  gives  the 
coordinates  of  the  sampling  masts.  All  values  are  given  in  meters  relative  to  a 
local  origin  within  the  grid. 


Table  A.1  Coordinates  of  the  meteorological  instrument  tower  and 
the  two  release  points. 


East 

North 

Location 

[m] 

Im] 

Meteorological  Instrument  Tower 

316.39 

298.43 

Release  Point  Used  for 

Tests  1109871,  1110871 
and  1110872 

270.3 

470.8 

Release  Point  Used  for 

Tests  1112871  and  1113871 

*21.1 

21.1 
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Table  A.2  Coordinates  of  the  sampling  masts. 


TRANSECT  1 


Mast 

East 

North 

Number 

[m] 

[m] 

1 

-11.7 

80.9 

2 

-1.7 

70.6 

3 

8.6 

60.2 

4 

18.8 

50.1 

5 

28.8 

39.8 

6 

39.4 

29.1 

7 

49.4 

19.3 

8 

59.3 

9.2 

9 

69.7 

-1.4 

10" 

79.9 

-11.5 

TRANSECT 

2 

Mast 

East 

North 

Number 

[m] 

[m] 

1 

-41.5 

188.7 

2 

-21.3 

166.7 

8 

98.8 

9 

118.2 

10 

138.0 

11 

157.9 

12 

178.0 

146.1 


124.3 


102.1 


80.0 


58.3 


36.8 


15.6 


-5.8 


-27.2 


TRANSECT 

3 

Mast 

East 

North 

Number 

[m] 

[m] 

1 

0.3 

348.2 

2 

31.3 

317.3 

3 

61.5 

287.0 

TRANSECT  4 


91.8 


122.6 


153.6 


184.0 


215.1 


246.4 


276.7 


306.7 


337.1 


256.7 


225.9 


164.5 


133.4 


102.1 


71.8 


41.9 


11.4 


Mast 

Number 


East 

North 

[m] 

[m] 

74.7 

543.6 

113.9 

507.9 

154.5 

466.4 

194.3 

427.3 

235.1 

388.3 

275.5 

349.3 

316.5 

308.7 

357.7 

267.3 

398.8 

225.9 

440.0 

184.1 

485.5 

137.4 

526.3 

95.2 

Appendix  B.  Aluminum  and  Zinc  Mass  Measurements 


This  appendix  summarizes  the  raw  aluminum  and  zinc  mass 
measurements  for  all  920  filter  samples  which  were  analyzed.  The  data  are 
given  in  10  tables  as  follows. 


TEST 

Table  of  Aluminum  Masses 

Table  of  Zinc  Masses 

1109871 

B.1 

B.2 

1110871 

B.3 

B.4 

1110872 

B.5 

B.6 

1112871 

B.7 

B.8 

1113871 

B.9 

B.10 
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Table  B.1  Aluminum  mass  measurements  for  Test  1 1 09871 . 


Teat:  1109871 

Duration  ■  25  min.  Total  Maas  Released  a  222.1  kg 

Flowrate  a  18.1  Ipm  Average  Release  Rate  a  148.1  g/s 


Table  B.2  Zinc  mass  measurements  for  Test  1109871 . 


T«*t:  1100871 

Duration  ■  25  min. 
Flowrata  *  18.1  Ipm 


Total  Mass  Released  =  222.1  kg 
Average  Release  Rate  s  148.1  g/s 


Table  B.3  Aluminum  mass  measurements  for  Test  1 110871 . 


Test:  1110871 

Duration  *  36.S  min.  Total  Mass  Released  a  229.3  kg 

Flowrate  *  18.1  Ipm  Average  Release  Rate  s  104.7  g/s 
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Table  B.4  Zinc  mass  measurements  for  Test  1 1 1 0871 . 


Test:  1109871 
Duration  ■  36.5  min. 
Flowrate  a  18.1  Ipm 


Total  Masa  Released  a  229.3  kg 
Average  Release  Rate  a  104.7  g/s 


Table  B.5  Aluminum  mass  measurements  for  Test  1 110872. 


Test:  1110872 

Duration  ■  47.3  min.  Total  Mass  Released  a  218.5  kg 

Flowrate  a  18.1  Ipm  Average  Release  Rate  a  77.3  g/s 
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Table  B.6  Zinc  mass  measurements  for  Test  1 110872. 


Test:  1110872 
Duration  ■  47.3  min. 
Flowrata  »  18.1  Ipm 


Total  Mass  Released  s  219.5  Kg 
Average  Release  Rate  s  77.3  g/s 


Table  B.7  Aluminum  mass  measurements  for  Test  1 1 1 2871 . 


Test:  1112871 

Ouratlon  *  45.7  min.  Total  Maaa  Released  s  218.5  kg 

Flowrate  ■  18.1  Ipm  Average  Release  Rate  s  79.7  g/s 


Table  B.8  Zinc  mass  measurements  for  Test  1 1 1 2871 . 


Teat:  1112871 
Duration  a  45.7  min. 
Flowrata  a  18.1  Ipm 


Total  Maaa  Released  a  218.5  kg 
Average  Release  Rate  =  79.7  g Is 


ass  of  Zinc 


2-m  4-m 


376.31 


431.42 


530.88 


289.44 


395.55 


183.19 


1.27 


0.65 


0.24 


3 


32.73 


175.28 


250.1 


400.15 


333.32 


528.13 


504.88 


161.51 


0.93 


0.63 


0.23 


0.35 


28.59 


252.94 


269.97 


358.37 


381.65 


376.18 


367.36 


349.34 


177.92 


0.95 


0.53 


0.24 


0.34 


28.03 


214.37 


307.51 


327.79 


302.32 


215.20 


14.63 


0.52 


0.48 


0.68 


0.38 


1.08 


5.52 


140.61 


210.33 


218.31 


214.98 


182.36 


58.13 


1.45 


0.38 


0.36 


0.38 


0.40 


3.96 


2.85 


132.83 


175.49 


146.90 


85.36 


15.92 


8.84 


0.33 
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Table  B.9  Aluminum  mass  measurements  for  Test  1 1 13871 . 


Test:  1113871 
Duration  «  43  min. 

Flowrata  »  10.8  Ipm  (Tranaact  1) 

Flowrata  ■  18.1  Ipm  (Tranaact  2,  3  and  4} 


Total  Mass  Ralaased  a  202.0  kg 
Avaraga  Raleasa  Rata  =  78.3  g/s 


ass  of  Aluminum 


69 


Table  B.1 0  Zinc  mass  measurements  for  Test  1 1 1 3871 . 


Test:  1113871 
Duration  ■  43  min. 

Flowrate  a  10.8  Ipm  (Transact  1) 

Flowrata  a  18.1  Ipm  (Transacts  2,  3  and  4) 


Total  Mass  Released  a  202.0  kg 
Average  Release  Rate  =  78.3  g/s 


Mass  ol  Zinc 


Appendix  C.  Elemental  Analysis  of  Selected  Samples 


This  appendix  presents  results  of  the  detailed  analysis  carried  out  on  32 
selected  filter  samples.  Table  C.1  presents  the  results  of  an  11 -element 
analysis  of  22  samples.  Table  C.2  presents  the  results  of  a  45-element  analysis 
of  10  samples.  In  both  cases,  anion  chromatography  was  used  for  5  elements 
(bromine,  chlorine,  iodine,  nitrogen  and  sulfur)  and  inductively  coupled  argon 
plasma  atomic  emission  spectroscopy  was  used  for  the  remaining  elements. 
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Table  C.2  Analysis  of  10  selected  samples  for  45  elements.  Values  shown  are  element  mass  on  filter  in  pg. 
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Table  C.2  (continued) 


CM 

h* 

CO 

o 

B 

CO 

o 

CM 

rv 

q 

d 

B 

9 

B 

B 

B 

o 

o 

o 

© 

o 

© 

o 

© 

B 

B 

1110872 

l 

B 

o 

B 

980  0 

B 

a 

a 

B 

o 

o 

o 

o 

o 

o 

B 

i 

B 

B 

B 

1110872 

[ 

IT) 

CM 

o 

0.1 

a 

880  0 

B 

o 

'T 

O 

o 

r- 

o 

o 

o 

o 

o 

o 

B 

© 

o 

o 

o 

© 

1 

o 

B 

1110872 

[ 

B 

B 

B 

B 

a 

o 

o 

o 

o 

o 

o 

o 

B 

© 

o 

o 

o 

o 

© 

o 

o 

T— 

00 

CM 

T— 

T* 

T* 

o 

CO 

o 

o 

o 

0.062 

soo 

o 

o 

0.067 

o 

o 

o 

o 

B 

o 

o 

o 

o 

o 

o 

o 

o 

1110872 

[ 

00 

o 

0.2 

9  0 

•>T 

T— 

T- 

d 

r~ 

Tf 

o 

d 

zoo 

o 

o 

o 

o 

o 

o 

o 

o 

© 

o 

o 

© 

B 

o 

o 

o 

1113371 

B 

B 

to 

o 

B 

1 

s 

o 

d 

B 

o 

90  0 

B 

B 

o 

o 

o 

o 

© 

o 

© 

1109871 

B 

LO 

CM 

o 

o 

o 

00 

CO 

q 

d 

81  0 

o 

o 

o 

o 

o 

B 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

1110872 

B 

B 

B 

o 

C.092 

0.021 

o 

o 

o 

o 

o 

o 

o 

© 

o 

o 

o 

o 

o 

© 

o 

© 

o 

1112871 

a 

oo 

o 

CM 

o 

o 

0.135 

o 

T— 

d 

o 

o 

Tf 

q 

d 

0.011 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

|  Test 

Transect 

Mast 

|  Height 

> 

o 

2 

z 

<D 

CD 

(A 

< 

c 

2 

Co 

<1) 

Iodide 

05 

I 

< 

a> 

O 

CO 

-J 

[I] 

T> 

z 

Pd  ) 

w 

a. 

a 

Th 

li 

74 


Appendix  D.  Vapor  Phase  Measurements 


Table  D.1  provides  detailed  information  about  the  12  vapor  phase 
samples  which  were  analyzed  for  tetrachloromethane,  tetrachloroethylene, 
hexachloroethane  and  hexachlorobenzene. 
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Table  D.1  Detailed  data  from  analysis  of  HC  vapor  phase  samples  for  four  organic  compounds. 
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Appendix  E.  Concentration  Data 

This  appendix  summarizes  the  concentration  data  acquired  in  the  five  HC  smoke 
trials  conducted  as  part  of  the  Atterbury*87  field  study.  Tables  E.1  through  E.5  list  the 
data  for  Tests  1109871,  1110871,  1110872,  1112871  and  1113871,  respectively. 
Each  value  represents  an  average  over  all  four  measurement  heights.  The  data  have 
been  corrected  for  the  effect  of  filter  loading  using  the  procedure  described  in  the  text. 
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Table  E.1  Concentration  data  for  Test  1 1 09871 . 


Test:  1109871 
Duration  s  25  min. 
Flowrate  =  18.1  Ipm 


Total  Mass  Released  =  222.1  kg 
Average  Release  Rate  =  148.1  g/s 


Table  E.2  Concentration  data  for  Test  1 1 1 0871 . 


Test:  1110871 
Duration  =  36.5  min. 
Flowrate  s  18.1  Ipm 


Total  Mass  Released  s  229.3  kg 
Average  Release  Rate  =  104.7  g/s 
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Table  E.3  Concentration  data  for  Test  1 110872. 


Test:  1110872 
Duration  »  47.3  min. 
Flowrata  ■  18.1  Ipm 


Total  Masa  Released  =  219.5  kg 
Average  Release  Rate  *  77.3  g/a 


Distance  to 
center  of 
transect  [m] 


65.1 


Distance  to 
source  [m] 


Concentration 

[mg/m3] 


0.0125 


0.0300 


0.0828 


0.1417 


0.3052 


0.5935 


0.2636 


0.3087 


0.0006 


0.0159 


0.0777 


0.1911 


0.1873 


0.1773 


0.1537 


0.1391 


0.1474 


0.1643 


0.0149 


0.6783 


0.2597 


0.3438 


0.1816 


0.1700 


0.1478 


0.0992 


0.019 


8.9107 


1.4467 


0.0145 
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Table  E.4  Concentration  data  tor  Test  111  2871 . 


I 
I 

I  Test:  1112871 

Duration  *  45.7  min.  Total  Mass  Released  s  218.5  kg 

Flowrate  •  18.1  Ipm  Average  Release  Rate  =  79.7  g/s 


4 


I 

r 


I 

I 


Table  E.5  Concentration  data  for  Test  1 1 1 3871 . 

Test:  1113871 

Duration  c  43  min.  Total  Mass  Released  s  202.0  kg 

Flowrate  ■  10.8  Ipm  (Transect  1)  Average  Release  Rate  s  78.3  g/s 

Flowrate  «  18.1  Ipm  (Transects  2,  3  and  4) 


Transect 

Mast 

x[m] 

y  (m] 

Distance  to 
center  of 
transect  [m] 

Distance  to 
source  [m] 

Concentration 

[mg/m3) 

1 

1 

-11.7 

80.9 

•65.1 

60.5 

1.5655 

1 

2 

-1.7 

70.6 

•50.7 

53.2 

86.238 

1 

3 

8.6 

60,2 

-36.1 

49.1 

79.054 

1 

4 

18.8 

50.1 

-21.7 

49.3 

33.220 

1 

5 

28.8 

39.8 

-7.3 

53.3 

17.799 
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7.7 

61.0 

0.5096 
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70.5 

1.8328 
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81.2 
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50.7 

93.6 

0.2130 
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65.0 
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0.1320 
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-41.5 

188.7 

-161.9 

168.8 

0 

2 

2 

-21.3 
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0.0005 

2 
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0.0126 
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110.3 

0.6207 
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0.2838 
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0.0003 
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1 
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0.0002 
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0.0002 

3 
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0.0006 
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91.8 

256.7 

-109.1 
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0.0801 
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0.9127 
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194.9 

-21.7 

246.5 

1.5120 
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21.3 

250.3 

7.2382 
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8 

215.1 
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65.3 

261  6 

1.1058 
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9 
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109.6 

279.5 

0.1531 

3 

10 

276.7 

71.8 

152.4 

302.1 

0.0248 

3 

11 

306.7 

41.9 
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328.4 

0.0141 

3 

12 
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—  If/  — 

358.4 

0.0001 

4 

'  "l 
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4 
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0.0008 

4 

3 

154.5 

466.4 

-201.2 
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0 

4 

4 

— 
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-145.4 

459.8 

0.0009 

4 

5 

388.3 

•89.0 

447,7 

0.0854 

A 

6 

275.5 

349.3 

-32.9 

442.3 

0.6863 

4 

7 

316.5 

308.7 

24.9 

443.4 

— 3BSEH— 

4 

o 

357.7 

267.3 

83.3 

451.8 

IHNKiaEBS^Hi 

4 

9 

398.8 

225.9 

141.6 

467.2 

0.1658 

4 

10 

440.0 

184.1 

200.3 

489.0 

0.0494 

4 

11 

485.5 

137.4 

265.5 

519.8 

0  0084 

4 

12 

526.3 

95.2 

324.2 

552.4 

0.0019 
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